Optical response properties of hybrid electro-opto-mechanical system
  interacting with a qubit by Kumar, Tarun et al.
Optical response properties of hybrid electro-opto-mechanical system
interacting with a qubit
Tarun Kumar1, Surabhi Yadav2 and Aranya B Bhattacherjee2
1Department of Physics, Ramjas College,
University of Delhi, Delhi-110 007, India and
2Department of Physics, Birla Institute of Technology and Science,
Pilani, Hyderabad Campus, Telangana State - 500078, India
We investigate the optical response of a hybrid electro-optomechanical system interacting
with a qubit. In our experimentally feasible system, tunable all-optical-switching, double-
optomechanically induced transparency (OMIT) and optomechanically induced absorption
(OMIA) can be realized. The proposed system is also shown to generate anomalous disper-
sion. Based on our theoretical results, we provide a tunable switch between OMIT and OMIA
of the probe field by manipulating the relevant system parameters. Also, the normal-mode-
splitting (NMS) effect induced by the interactions between the subsystems are discussed in
detail and the effects of varying the interactions on the NMS are clarified. These rich optical
properties of the probe field may provide a promising platform for controllable all-optical-
switch and various other quantum photonic devices.
I. INTRODUCTION
The technological advancements in micro and nano-mechanical oscillators have shown great
potential in exploring novel quantum devices and demonstrating the transition from quantum to
classical physics [1, 2]. By coupling mechanical resontors to other quantum objects, such a transi-
tion can be demonstrated. The quantum systems that have been coupled to mechanical resonators
include optical cavities [3–5], electron spin[6], superconductiong qubit circuits [7–15], transmission
line resonators [16–20], nitrogen vacancy centres, and quantum dots [22–24]. For example, phonon
blockade mechanism demonstrates the quantization of mechanical oscillator[21]. One of the chal-
lenging technologies in photonics is the manipulation of light for quantum information processing
and optomechanical systems have played an important role in this direction[25–30]. These sys-
tems exhibit optomechanically induced transparency (OMIT)[31–33] which is an analogue of the
well known electromagnetically induced transparency (EIT) in quantum optics. This phenomena
is utilized to slow down or stop light[34–36] and thus finds application in quantum communi-

























for exploring many quantum physical phenomena, providing opportunities for quantum-enhanced
devices[25–28, 40–44]. In a semiconductor microcavity, the strong coupling between the cavity
mode and exciton mode of a quantum dot(QD) or a quantum well (QW) leads to the formation
of polaritons[45–47], which has a wide application in quantum information processing, quantum
networking[48, 49] and optical switching[50–52]. Strongly coupled systems also exhibit the phe-
nomena of normal mode splitting (NMS). NMS is the process of energy exchange between two
nearly degenerate modes of the system and occurs when energy exchange between different modes
of the system takes place at a rate faster than its dissipation to the surrounding[53]. It has been
shown that cooling of mechanical resonator in the resolved sideband regime at high pump power
leads to the appearance of NMS [54]. NMS has also been shown to occur in system comprising of
ultracold atoms in cavity optical lattice [55] and cavity optomechanics in a nonlinear optical cavity
[56, 57].
A quantum interface transfers quantum state between different degrees of freedom and can be
implemented using micro-mechanical oscillators. An example of such system is an electro-opto-
mechanical system in which mechanical oscillator is coupled to a microwave as well as an opti-
cal cavity[58]. The existence of EIT in such a hybrid opto-electro-mechanical system has been
predicted[59] A similar setup was used to show the possible realization of controllable strong kerr
nonlineraity even in the weak coupling regime[60]. Strong interactions between the electrical,
mechanical and optical modes was demonstrated in a pizoelectric optomechanical crystal[61]. In
an interesting experimental development, circuit cavity quantum electrodynamics was integrated
with phonons[62]. These hybrid electro-opto-mechanical systems enable the reversible conversion
of quantum states between microwave and optical photons[63]. A novel scheme was also proposed
recently, which could generate a microwave-controllable optical double optomechanically induced
transparency (OMIT) in a hybrid pizo-optomechanical cavity[64].
In this work, we investigate a hybrid electro-opto-mechanical system in the presence of a two level
system (Qubit) coupled to the mode of a mechanical resonator via the Jaynes-Cummings interac-
tion. We explore the optical response properties such as optical bistability and output transmission
as a function of the various interaction parameters. We demonstrate here that in the resolved side
band regime, the system exhibits tunable optical switching behavior. In the nearly resolved side
band regime (sideband resolved regime) [64], the output transmission demonstrates the existence of
double-optomechanically induced transparency (OMIT) along with anomalous dispersion (negative
group velocity). In the resolved sideband regime, we observe optomechanically induced absorption
(OMIA). In particular, we are able to switch between OMIT to OMIA by manipulating the inter-
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actions and the optical cavity decay rate. The double-OMIT effect has been studied theoretically
in numerous optomechanical systems [59, 64, 65]. It was first theoretically shown that when the
group velocity exceeds the light velocity in vacuum, the dispersion is anomolous [66]. In the past
few years, cavity optomechanics has been shown to generate OMIT and slow light propagation
[28, 32, 33, 67, 68]. Further, anomolous dispersion has been explored theoretically leading to some
interesting results [69–71]. Experimental demonstration of fast and slow light have paved the way
towards applications in telecommunications, interferometry and quantum-optomechanical memory
[72]. Similar to the optical response effect of OMIT, OMIA have been investigated in numerous
optomechanical systems [59, 65, 73–76]. In addition, we study the NMS to elucidate the physics
of energy exchange between the various modes of the systems. Earlier studies on optomechanical
device coupled to a two level system includes two color EIT[65], entanglement dynamics of optical
and mechanical modes using a QD[77], coherent perfect transmission mediated by a qubit embeded
in a hybrid optomechanical system[74, 78].
II. THEORETICAL FRAMEWORK
The proposed hybrid electro-optomechanical system is shown in Fig.1. It is composed of a
mechanical resonator (MR) which on one side is capacitively coupled to the microwave field of a
superconducting microwave cavity (MC) and, on the other side is coupled to the field of an optical
cavity (OC). In addition, the MR with frequency ωb is coupled to a two-level defect (qubit) de-
scribed by the Jaynes-Cummings Hamiltonian [65, 79]. The microwave resonator with a resonance
frequency ωc is driven by a strong field with amplitude Em and frequency ωmi, while the optical
cavity with a resonance frequency ωa is driven by a pump laser with amplitude Ep and frequency
ωai. In addition, the optical response can be probed by a weak probe laser with amplitude Epr
and frequency ωpr.
The total Hamiltonian of the system in the rotating frame of pump laser can be written as-
H = ~δaa†a+ ~δcc†c+ ~ωbb†b+ (~/2)ωqσz − ~goma†a(b+ b†) + ~gemc†c(b+ b†)
+ ~g(b†σ− + bσ+) + ι~Ep(a† − a) + ι~Em(c† − c) + ι~Epr(a†e−ιδt − aeιδt) (1)
where δa = ωa − ωai and δc = ωc − ωmi are the detunings of the optical field from the optical
cavity and microwave field from the microwave cavity respectively. δ = ωpr − ωai represents the
detuning of the optical probe field from the pump field. In equation (1) of the Hamiltonian,
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Figure 1: Schematic diagram of the proposed hybrid electro-optomechanical system. An embedded qubit
is interacting with the mechanical oscillator. The mechanical oscillator also couples to both the microwave
and optical cavity.
first and the second terms represent the free energies of the optical mode and the microwave mode
respectively. The third term gives the free energy of the movable mirror. The fourth term represents
the energy of the the semiconductor quantum dot. Here ωq is the transition frequency between two
levels of the QD. Also σ− and σ+ are the lowering and raising operators respectively of the two
level QD. The fifth term represents the optomechanical coupling between the cavity mode and the
mechanical mode where gom being the single photon optomechanical coupling constant, given by
(ωa/L
√
~/mωb), m being the effective mass of the mechanical mode and L being the effective length
of the optical cavity. The sixth term represents the piezomechanical interaction between microwave
field and the mechanical phonon mode, where gem is the piezomechanical coupling strength. The
sixth term represents the coupling between the QD and the mechanical phonon mode, g being the
corresponding coupling strength. The last three terms give the energy of the input fields. The





Paκa/(~ωai) and Epr =
√
Prκa/(~ωpr) respectively, with Pm, Pa
and Pr are the corresponding input powers.
Using the standard linearization process under strong microwave driving field, the Hamiltonian in
equation (1) can be rewritten as-
H = ~∆aa†a+ ~∆cc†c+ ~ωbb†b+ (~/2)ωqσz − ~goma†a(b+ b†)− ~Gem(c†b+ b†c)
+ ~g(b†σ− + bσ+) + ι~Ep(a† − a) + ι~Em(c† − c) + ι~Epr(a†e−ιδt − aeιδt) (2)
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, ∆a = δa +
gomgemEm2
ωb(κc2+∆c2)





The dynamics of the system can be described by quantum Langevin equations (QLE) including
noise and damping terms. The nonlinear QLEs can be written as
ȧ = −[ι∆a + κa/2]a+ ιgoma(b† + b) + Ep + Epre−ιδt +Ain (3)
ḃ = −[ιωb + γb/2]b+ ιgom(a†a) + ιGemc− ιgσ− +Bin (4)
ċ = −[ι∆c + κc/2]c+ ιGemb+ Em + Cin (5)
σ̇− = −[ιωq/2 + γd/2]σ− + 2ιgbσz + Σin (6)
The system is also interacting with the external degrees of freedom and therefore we introduce
κa, γb, κc and γd as the decay constants of cavity field, moving mirror, microwave field and the QD
respectively. Ain and Cin represents the optical and microwave input noises respectively; Cin is
the quantum Brownian noise associated with the movable mirror and Σin is the noise related to QD.
III. CONTROLLABLE OPTICAL BISTABILITY: OPTICAL SWITCHING
We are interested in the steady state solutions of the equations (3)-(6). We take as, bs, cs
and σ−s as the average values of the operators a, b, c and σ− respectively under the conditions of
strong microwave and optical fields i.e, Em >> Epr and Ep >> Epr. The steady state equations

















a = ∆a− gom(bs + b∗s) is the effective detuning between optical cavity and the optical pump
field due to mechanical motion of the movable mirror.

















































In order to quantify our study, we consider experimentally realizable values of the various
parameters. In our study of the steady state and NMS, we will work in the resolved side band
regime in which ωb > κa, κb but while analyzing OMIT, we will work in both the resolved side
band regime as well as the case ωb < κa, ωb > κb. The later case does not meet the condition of
resolved side band regime but the system is nearly sideband resolved [64].
Optical bistability is essential when it comes to designing of all-optical switching devices[73].
Fig.2 illustrates the optical switching behavior for different combinations of the three interaction
parameters, Gem, gom and g. As observed the dashed and thick line plot displays the typical optical
switching characteristics since at a certain value of the input pump power Ep, the intracavity photon
value |as|2 jumps from a low to high value. The thick line plot displays this optical switching
characteristic at a lower value of Ep. The switching ratio is defined as the ratio of the maximum
to minimum value of |as|2. The switching ratio for the thick plot is 1.84 while that for the dashed
curve is 2.21. Consequently one has to optimize between high switching value and low input power.
On the other hand, for some specific combination of Gem, gom and g, the switching property is
absent as evident from the thin line plot of Fig.2. For designing of optoelectronic devices, it is
an advantage if the bistable behaviour occurs at low values of the input power Ep. We thus show
that the system can exhibit optical switching behavior at low values of the input power by tuning
the various interactions. This controllable bistable behavior shows that the system can be used as
all-optical switch, logic gates and memory device for quantum information processing where low
energy power input is essential.
7












Figure 2: (Color online)The plot of steady state photon number as a function of pump power for different
values of interaction parameters. (Dashed line): Gem = 0.1, gom = 0.04 and g = 0.001, (Thick Solid Line):
Gem = 0.1, gom = 0.06 and g = 0.001, (Thin Solid Line): Gem = 0.1, gom = 0.04 and g = 0.001 The other
parameters used are γd = 0.000042, γb = 0.000042, κc = 0.0000125 , κa = 0.9 and σz = −1. All parameters
are dimensionless with respect to ωb.
IV. OPTOMECHANICALLY INDUCED TRANSPARENCY (OMIT)
Similar to the phenomenon of electromagnetically induced transparency (EIT) observed in
atomic systems, optomechanical systems demonstrate opto-mechanically induced transparency
(OMIT). The transparency window observed in the output field is due to the destructive interfer-
ence induced between photons excited through different pathways. In this section, we discuss the
generation of such a transparency window due to the opto-mechanical interaction. In particular,
we will look into the possibility of controlling the OMIT by tuning the various interactions present
in the system. To this end, we study the output characteristics of the probe field in the presence
of optical field-mirror interaction (gom), microwave field-mirror interaction (Gem) and qubit-mirror
interaction (g).
Now to study the dynamics of quantum fluctuations, we linearize the quantum Langevin equa-
tions of the system around its steady state with the assumptions a(t) → as + δa, b(t) → bs + δb,
c(t) → cs + δc and σ−(t) → σ−s + δσ− and neglecting the small nonlinear fluctuation terms, the
8




























































































Figure 3: (Color online)The absorption Re[εT ] and dispersion Im[εT are plotted as a function of (δ−ωb)/ωb
for plot (a):Gom = 0.23, Gem = 0.005, g = 0.125, (b): Gom = 0.1375, Gem = 0.005, g = 0.125, (c)
Gom = 0.0458333, Gem = 0.005, g = 0.125, (d):Gom = Gem = g = 0.3 . The other parameters used are
γd = 0.000042, γb = 0.000042, κc = 0.0000125 , κa = 2.17 and σz = −1. All parameters are dimensionless
with respect to ωb.
corresponding quantum Langevin equations become
δȧ = −(ι∆′a + κa/2)δa+ ιGom(δb+ δb†) + Epre−ιδt +Ain,
δḃ = −[ιωb + γb/2]δb+ ι(G∗omδa+Gomδa†) + ιGemδc− ιgδσ− +Bin,
δċ = −[ι∆c + κc/2]δc+ ιGemδb+ Cin,
δσ̇− = −[ιωq/2 + γd/2]δσ− + 2ιg < σz > δb+ Σin. (9)
Here Gom = gomas is the net coupling strength between the mechanical mode and the optical
mode. We assume that the quality factor of the mechanical oscillator is high (ωb >> γb) and also
the proposed system is operating in the resolved sideband regime i.e, ωb >> κa, κc. By assuming
9


























































































Figure 4: (Color online)The absorption Re[εT ] and dispersion Im[εT are plotted as a function of (δ−ωb)/ωb for
plot (a):Gom = 0.23, Gem = 0.005, g = 0.125, (b) Gom = 0.183, Gem = 0.005, g = 0.125, (c) Gom = 0.1375,
Gem = 0.005, g = 0.125, (d):Gom = 0.23, Gem = 0.005, g = 0.0125 . The other parameters used are
γd = 0.000042, γb = 0.000042, κc = 0.0000125 , κa = 0.217 and σz = −1. All parameters are dimensionless

























Here the plus component (δs+, s=a,b,c,σ−...) corresponds to the original frequency ωpr and
the minus component(δs−, s=a,b,c,σ−...) corresponds to the frequency 2ωai − ωpr. Substituting
equation (10) in equation (9), neglecting the second and higher order terms and equating the
coefficients with same frequency (ωpr) we get
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δȧ+ = (ιλa − κa/2)δa+ + ιGomδb+ + Epr + δAin+
δḃ+ = (ιλb − γb/2)δb+ + ιG∗omδa+ + ιGemδc+ − ιgδσ−+ + δBin+
δċ+ = (ιλc − κc/2)δc+ + ιGemδb+ + δCin+
δσ̇−+ = (ιλz − γd/2)δσ−+ + 2ιg < σz > δb+ + δΣin+ (11)
where λa=δ −∆
′
a, λb=δ − ωb, λc=δ −∆c and λz=δ − ωq. Now to neglect the expectation values
of the noise operators, we assume that the system under consideration is working in mK regime,
therefore we can have < δAin+ >=< δBin+ >=< δCin+ >=< δΣin+ >=0. Also under mean
field steady state conditions, the expectation values of δȧ+, δḃ+, δċ+and δσ̇−+ are zero. Taking
expectation values of the equation (11) and using the conditions mentioned above, we get
0 = (ιλa − κa/2) < δa+ > +ιGom < δb+ > +Epr
0 = (ιλb − γb/2) < δb+ > +ιG∗om < δa+ > +ιGem < δc+ > −ιg < δσ−+ >
0 = (ιλc − κc/2) < δc+ > +ιGem < δb+ >
0 = (ιλz − γd/2) < δσ−+ > +2ιg < σz >< δb+ > (12)
equation (12) can be solved to get < δa+ >, which is
< δa+ > =
Epr









Using input-output formalism of the cavity, the output field at the original frequency ωpr can
be written as
εout = 2κa < δa+ >− Epr (14)





2κa < δa+ >
Epr
− 1 (15)
If we define εT as εT =
2κa<δa+>
Epr
, the quadrature εT at the original frequency ωpr, we obtain
εT =
2κa










The real and the imaginary parts of εT gives the absorption and the dispersion of the system.
We assume that the optical cavity field , the qubit as well as the microwave and cavity field are
driven at the mechanical red sideband i.e ∆
′
a = ∆c = ωq = ωb. Consequently, λa = λb = λc = λz
= λ. We can rewrite equation (16) in a more intuitive form as,
εT =
2κa








where λ1, λ2 and λ3 are the roots of the cubic equation,
x3 − x2(γd + γb + γc
2
)− x(G2em − 2g2 < σz > +(









− g2κc < σz >) = 0, (18)

































(λ2 − λ3)(λ1 − λ3)
(21)
In Figs (3) and (4), we plot absorption Re[εT ] and dispersion Im[εT ] for different values of QD-
mechanical mode coupling strength (g), microwave-mechanical mode coupling strength (Gem) and
net optomechanical coupling strength (Gom). The beat of the probe and the pump field leads to a
time-varying radiation-pressure force with beat frequency δ. At certain values of δ, the mechanical
resonator is driven resonantly. Consequently, sidebands of the optical field is generated due to
mechanical oscillations. The position of the sidebands depends on the various interaction present
in the system. In the presence of a strong pump field and resolved sideband (or nearly sideband
resolved) limit, the frequency of the probe field coincides with the dominant sideband. This leads
to destructive interference between the sideband and the probe field. Consequently, the destructive
interference results in a transparency window due to the cancellation of the intracavity field.
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In our study, we begin our discussion in the nearly sideband resolved regime (wb < κa, wb > κb)
by first considering Gom = 0.23, Gem = 0.23 and g = 0.125 and plot the real (dashed line)
and imaginary (solid line) parts of εT as a function of
(δ−ωb)
ωb
in Fig.3 (a). This plot shows two
transparency windows at points which are determined by the roots λι(ι = 1, 2, 3) of eqn (18).





G2em − 2g2 < σz > ≈ ±0.177 which is close to the numerically obtained result of
±0.19. At each of the transparency windows, anomalous dispersion (negative group velocity) is also
observed. Negative group velocity corresponds to fast light propagation. Keeping all parameters
fixed, we now reduce Gom = 0.138 and the results are shown in Fig 3 (b). The two minima
points are still located at the same points indicating that the minima points are independent of
Gom. Clearly, the two transparency windows become narrow along with a comparatively steeper
anomalous dispersion. A further narrowing of the transparency windows and steeping of the
dispersion around the minima points is observed by reducing Gom = 0.04 (Fig 3 (c)). For the case
Gom = Gem = g = 0.3 as shown in Fig 3 (d), the OMIT windows become wider and the separation
between the two transparency windows is greatly enhanced. The position of the minima points from
±
√
G2em − 2g2 < σz > is ±0.51 and numerically obtained values are ±0.56. A large anomalous
dispersion enhances the radiation pressure force and hence the optomechanical coupling. This
effect can assist in additional ground-state cooling of the mechanical resonator. Thus our system
can be used to improve the sensitivity and bandwidth of the mechanical displacement measuement
which has numerous applications in metrology and quantum information. The phenomenon of
double-OMIT can be used as a logic gate in an quantum communication.
In the resolved sideband regime (ωb >> κa, κb), a three peak OMIA effect is observed in Fig.4.
In between the three absorption peaks, two transparency windows exits within which anomalous
dispersion is observed. The position of the two minima points are still at ±
√
G2em − 2g2 < σz >.










. These values agree well with the numerical values obtained in Fig.4.
Decreasing Gom while keeping Gem and g fixed, the absorption peak at δ = ωb (i.e λ1 = 0) widens
and the separation between the three absorption peaks also decreases as evident from Figs.(b)
and (c). At the same time, the dispersion curve also becomes distorted. The effect of decreasing
qubit-mechanical mode g is shown in Fig.4(d). The absorption peaks at δ = ωb becomes extremely
narrow while the other two side peaks broadens. The separation between the absorption peaks
also enhances together with a highly distorted dispersion curve.
13
V. NORMAL MODE SPLITTING
In an optomechanical system, intermixing of fluctuations of different modes about their mean
value leads to an important phenomena known as Normal Mode Splitting (NMS). This phenomenon
is ubiquitous in both classical as well as in quantum physics. In this phenomena, due to strong
coupling between different modes, energy exchange takes place on a time scale much faster than
the decoherence time of every mode. The optomechanical NMS analyzed in this work, involves
driving four parametrically coupled non-degenerate modes out of equilibrium. Here we study NMS
in the resolved sideband regime and calculate the position quadrature of small fluctuations of
the mechanical oscillator. To study NMS, we first transform the equations (3), (4), (5) and (6)
into frequency domain and are then solved for the corresponding displacement spectrum, which in





dΩe−ι(ω+Ω)t < δx(ω)δx(Ω) + δx(Ω)δx(ω) > (22)




[A25(ω)A25(−ω)] +A26(ω)A26(−ω) +A27(ω)A27(−ω) + (23)
A28(ω)A28(−ω) +A29(ω)A29(−ω) +A30(ω)A30(−ω) +A32(ω)A32(−ω) + 1]
The various constants appearing in above equations have been defined in the appendix A
In Fig.5, we plot the displacement spectrum Sx(ω) for different interactions Gom, Gem and
g. In Fig.5(a), the displacement spectrum for Gom = Gem = g = 0.4 is shown. We observe the
NMS with four distinct peaks corresponding to all four modes of the system since all the three
interactions coupling the four modes are equal. Keeping Gom = Gem = 0.4 and reducing the
QD-mechanical mode coupling g = 0.01, the corresponding NMS (dashed curve) is displayed in
Fig.5(b). In the limit of low value of g, the system reduces to the case of three mode coupling
and hence the NMS displays three peaks. The peak near ω = 1.45 shifts to around ω = 1.35 and
the peak at ω = 0.7 disappears along with a decrease in the height and shifting of the peak at
ω = 0.3. Reducing the piezomechanical coupling strength Gem = 0.2 with Gom = 0.4 and g = 0.01,
the corresponding NMS displayed (dashed curve) in Fig.4(c) shows a three peak structure with
a drastically shifted and reduced peak intensity at ω = 0.3. Fig.4(d) illustrates (dashed curve)














































Figure 5: (Color online) Displacement spectrum of the mechanical resonator (Eqn.(18)) plotted as a function
of ω for plot (a) Gom = Gem = g = 0.4, (b) Solid line: Gom = Gem = g = 0.4, Dashed line:Gom = Gem =
0.4, g = 0.01 (c) Solid line:Gom = Gem = g = 0.4, Dashed line: Gom = 0.4, Gem = 0.2, g = 0.01 (d) Solid
line:Gom = Gem = g = 0.4, Dashed line: Gom = 0.4, Gem = 0.01, g = 0.01. The other parameters used are
γd = 0.000042, γb = 0.000042, κc = 0.0000125 , κa = 0.8 and σz = −1. All parameters are dimensionless
with respect to ωb.
coupling strength high as Gom = 0.4. The NMS reveals clearly a two peak structure corresponding
to the mixing of the fluctuations of the optical and mechanical modes. Hence a selective energy
exchange between the various modes of the system can be achieved by appropriately tuning the
interactions.
We now discuss the experimental feasibility of the proposed system. In some recent experiments,
optomechanical oscillators have been fabricated using piezoelectric materials such as AIN [61]. The
AIN -nanobeam resonator can be driven simultaneously by both the microwave and optical fields
under the effects of piezoelectric and radiation pressure interaction. It has been shown that the
coupling strength between microwave and piezoelectric mechanical modes in a superconducting
coplaner microwave cavity system can reach 12.3 × 106 Hz. [81]. Based on realistic systems, the
single-photon optomechanical coupling strength can exceed gom/2π = 1.1 MHz [82]. We have
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taken the frequency of the AIN-nanobeam resonator and the decay rate of the optical cavity as
ωb/2π = 2.4 GHz and κa/2π = 5.2 GHz (for the sideband resolved regime) and κa/2π = 0.5
GHz (for resolved sideband regime). The quality factor of the microwave cavity is taken to be
2×105 [83]. The qubit considered here could be an intrinsic defect inside the mechanical resonator
or a superconducting circuit. Experimentally, a Jaynes-Cummings type of interaction between a
superconducting qubit and a mechanical resonator was achieved [25]. We have taken the qubit-
mechanical oscillator interaction strength to be between 1− 100 MHz.
VI. CONCLUSIONS
In summary, we have investigated the optical response properties of a hybrid electro-
optomechanical system in the presence of a qubit coupled to the mechanical oscillator via the
Jaynes-Cummings interaction. The mean-field optical bistability analysis shows that the proposed
system displays the typical, optical switching characteristics which can be tuned to function at
low input power. The fluctuation dynamics reveals a series of interesting optical effects in the
probe spectrum. In the sideband resolved regime (ωb < κa, ωb > κa), the absorption profile exibits
double-OMIT while the dispersion profile shows negative group velocity (anomalous dispersion).
On the other hand in the resolved sideband regime (ωb >> κa, κb), a three peak OMIA effect
is observed along with anomalous dispersion. Thus the system can be made to switch between
OMIT and OMIA by tuning either the frequency of the mechanical oscillator or the optical cavity
decay rate. Further the appearance of NMS shows tunable coherent energy exchange between the
various sub-systems. These interesting optical properties are sensitive to the variations in Gom,
Gem and g. These experimentally feasible multi-transparency and multi-absorption phenomena
provides the possibility for the realization of optical comb based on hybrid electro-optomechanical
system interacting with a qubit. Our theoretical proposal provides a platform for novel quantum
photonic devices.
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